Abstract. The high-and low-spin forms of cytochrome P-450 were observed by electron paramagnetic resonance (epr) in a liver slice and in hepatic microsomes from a rabbit injected with methylcholanthrene. Quantitation of the epr absorption of these two chemical species and comparison with a preparation from a control rabbit showed that the single injection of drug increased the concentration of cytochrome P-450 to more than ten times its control value. Analysis of the epr spectrum for the high-spin compound showed that it is the most rhombically distorted ferric heme iron site yet observed (E/D = 0.10). It is suggested that microsomal cytochrome P-450 can exist in two interconvertible forms, in which the heme iron can either be high-spin or low-spin, depending upon the nature of the nonporphyrin ligands of the metal. There seems to be no need to postulate the existence of two different cytochrome P-450 proteins.
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Introduction. Cytochrome P-450 is a heme protein, originally discovered as a CO-binding pigment in isolated mammalian liver microsomes.1,2 Like other heme proteins, cytochrome P-450 binds to CO when reduced, but the CO derivative gives rise to an unusual Soret difference absorption maximum at 450 nm. 3 Liver cytochrome P-450 has been shown to participate as a mixed function oxygenase in the metabolism of drugs4 (xenobiotics5) while the same protein has been implicated in the omega hydroxylation of fatty acids.6 Another cytochrome P-450 which has similar optical properties and which catalyzes hydroxylation of steroids' has been isolated from mammalian adrenal mitochondria, while yet other cytochromes P450, which catalyze the oxidation of alkanes8 and terpenoids,9 have been isolated from bacteria. It is believed that, for the liver microsomal and adrenal mitochondrial proteins, cytochrome P450 functions as the site of substrate binding. 10 It has been suggested, from inhibitor1 12 and substrate-binding13 studies using the protein prepared from animals whose cytochrome P450 levels had been increased through enzyme induction processes as a result of the injection of either compounds such as phenobarbital (Type II substrates) or compounds such as 3-methylcholanthrene (Type I substrates), that microsomal cytochrome P450 may consist of two or more chemically different populations. Others, however, have suggested that this material is a single protein which can exist in a substrate-bound form14 or that there is a single protein which can bind substrates two different ways. 15 The addition of mercurials converts the liver microsomal protein to an inactive high-spin form16 while deoxycholate or snake venom treatment of microsomes converts cytochrome P-450 to an inactive low-spin form, cytochrome P420.3
The electron paramagnetic resonance (epr) spectra of both cytochrome P450 and cytochrome P42017,18 resemble those obtained from the addition of mercaptoethanol to ferric hemoglobin or ferric myoglobin.9" 20 These findings and various model studies with heme-thiol complexes21 suggest that a necessary nonporphyrin ligand for iron in cytochrome P450 is a negatively charged sulfur atom, such as mercaptide sulfur from cysteine. 19 The optical spectrum of liver microsomal cytochrome P450 is markedly changed upon the addition of various aromatic compounds. In general, aromatic primary amines and compounds containing an aromatic heterocyclic nitrogen atom (Type II compounds) shift the Soret band of the protein to longer wavelengths while various drugs, especially carcinogens that are either substrates for or are inhibitors of the microsomal oxidase system (Type I compounds), shift the Soret peak to shorter wavelengths.15 Furthermore, the optical properties of liver microsomes seem to depend upon the type of compound that was used to induce cytochrome P450 in the animal. Thus, microsomes from phenobarbitaltreated animals have absorption maxima at 535 and 568 nm, indicative of lowspin ferric heme, while microsomes from methylcholanthrene-treated animals have a distinct absorption maximum at 647 nm, indicative of high-spin ferric hemeY20 The addition of aniline, however, to the microsomes of'methylcholanthrene-treated animals converts the optical spectrum to the low-spin form. 22 Liver microsomes from phenobarbital-treated animals show a difference spectral peak at 450 nm for the CO derivative versus the reduced protein, while microsomes from methylcholanthrene-treated animals show one at 448 nm.13 These spectral data have been widely used to support the argument that microsomal cytochrome P450 consists of at least two different proteins. 23 Epr experiments have been performedwhich are analogous to the optical studies described above. It has been reported that liver microsomes from methylcholanthrene-treated rabbits exhibited, in addition to some low-spin cytochrome P450, an epr spectrum attributed to a high-spin form of the heme protein. 20 From isotopic labeling experiments, methylcholanthrene or one of its metabolites remains bound to the microsomes, and this suggests that substrate binding converts the spin of the iron of cytochrome P450 from low to high during the course of hydroxylation. 20 Recently, we have studied the epr properties of a high-spin form of a soluble cytochrome P450 isolated from Pseudomonas putida.24 This bacterial protein is in the low-spin form when isolated and is converted to the high-spin form upon the addition of substrate, camphor. The high-spin form is unusual in that the heme departs greatly from tetragonal symmetry.-2 In this study, we report the epr properties of both the high-and low-spin forms of rabbit liver microsomal 2.51 2.17 .8S The spectra were all taken at 1.60K and at 8826 MHz for the liver slice sample and at 8563
MHz for the microsomal sample. The gains were increased a factor of 10 for the middle trace and by a factor of 5 for the lower trace. The g values of various features of the spectrum are indicated in the figure.
cytochrome P-450 obtained from an animal given a single injection of methylcholanthrene. Both spin forms were observed, both in a liver slice and in a microsomal preparation from the same organ.
Materials and Methods. A 2-kg New Zealand albino male rabbit was injected once with a solution of 3-methylcholanthrene (20 mg/kg) in corn oil. Three days later, the animal was killed by a sharp blow to the base of the cranium and the liver was immediately removed and washed three times with cold 1.15 M KCl. A thick slice of liver (1.12 g wet weight) was excised, washed twice in KCl, blotted, and transferred to a tared epr cavity which was then immersed in liquid nitrogen. This procedure was completed in less than 2 min after severing the animal's hepatic blood vessels and less than 4 minl after giving the stunning blow. The gall bladder was carefully dissected away without piercing, and the remainder of the liver (about 60 g) was divided into approximately 8 pieces which were each minced and homogenized in 4 volumes of cold 1.15 M KCl in a Teflon homogenizer. The homogenate was centrifuged twice at 12,000 X g, and the precipitates were discarded. The supernatant containing the microsomal fraction was then centrifuged at 100,000 X g for 30 min. The microsomal pellets were washed and combined using 0.5 the original volume of KCl in a loose-fitting Dounce homogenizer, then 0.25 of the original volume of KCl and finally 0.1 of the original volume of KCl, each time with half-hour high speed centrifugations. A microsomal pellet thus obtained was separated from the clear, more dense glycogen, transferred to a tared epr cavity, and frozen within 30 sec by immersing the cavity in liquid nitrogen (wet weight of sample, 0.98 g).
The control rabbit, weighing 3 kg, was killed by the same procedure and a 0.96 g (wet weight) slice of liver was used for the epr experiment.
Epr experiments were performed at temperatures down to 1.60K on a superheterodyne spectrometer, described previously,26 operating near 9000 MHz and at an incident power of about 10-8 W. Heme components were quantitated as described previously.24 The effect of temperature on the epr spectrum of the microsomal sample was examined between 1.6 and 20'K. For temperatures above 4.20K cold helium gas was blown into the spectrometer Dewar flask and the temperature was determined with a resistance thermometer calibrated at 1.6, 4.2, 77, and 3000K and placed in thermal contact with the epr cavity.
For temperatures below 4.20K, the temperature was determined from the vapor pressure of the liquid helium in which the cavity was immersed.
Results. The epr absorption derivative spectrum of a slice of liver from a methylcholanthrene-treated rabbit is shown in Figure 1 . Clearly discernible are the absorption features which are the signature of the low-spin form of cytochrome P-450 with g values of 2.44, 2.26, and 1.915 27 and also of a high-spin heme protein, presumably the high-spin form of cytochrome P-450, with effective g values near 8, 3.7, and 1.7. The epr of the non-heme iron component of the mitochondrial electron transport chain28 can be seen as a prominent absorption at g = 2.03 and a partially hidden absorption at g = 1.93. Neither the epr of cytochromes b29 or cw nor that of fully oxidized cytochrome c oxidase28'31 was observed even at the highest operating gains of the epr spectrometer. A strong epr absorption was observed in the liver slice sample, however, which had g values of 2.51, 2.17, and 1.85. These g values suggest that this species is a hydroxide derivative of a ferric heme protein. 19 It is doubtful that this material is the hydroxide form of hemoglobin oxidized by chance, since at physiological pH essentially all of it would exist in the high-spin form, and an epr resonance at g = 6 would have been observed. The low-spin resonance we do observe may be from the low-spin form of one of the heme components of partially reduced cytochrome c oxidase,3 which in purified systems has been observed to be partially in the low-spin hydroxy form.
Also observed in the liver slice is a strong resonance at g = 4.3 ascribable to mononuclear ferric iron in an almost completely rhombic environment. 32 The abundance of this material in the liver sample suggests that in this tissue in situ, this chemical species is not an impurity or an artifact but represents rhombic iron specifically bound to a protein or proteins and having biological function. This material cannot be ferritin, as the iron in this protein is in a polynuclear form and exhibits no epr. 33 In microsomes isolated from the same liver, the epr of both the high-and lowspin forms of cytochrome P450 were observed, and the positions of the epr absorptions were unchanged (Fig. 1) . The resonances ascribable to the paramagnetic components of the mitochondrial electron-transport chain and to rhombic iron that were observed in the liver slice were no longer present. The ratio of concentrations of high-and low-spin forms of cytochrome P-450 both in isolated microsomes and in the liver slice is constant within the limits of the experimental determination ( Table 1) . The concentration of low-spin cytochrome P-450 in the control rabbit was one-fourth that observed in the methylcholanthrenetreated animal, while the high-spin form in the control could not be observed at all.
The g values which were measured from the high-or low-spin epr spectrum for a ferric compound were used here to compute certain quantum-mechanical parameters which describe the symmetry of the iron-binding site and the energy spacings to the nearest excited states of the d-electron system. The symmetry is described by the coefficients of the second-rank axial and rhombic components of the spin Hamiltonian, which are designated D and E for high-spin ferric ion34 and A/X and V/X for low-spin ferric ion, u respectively. The observed g values and the values of these computed parameters for the high-spin form are given in Table 2 . The epr spectrum of microsomal protein began to saturate as the incident power of the spectrometer was increased above about 10-8 W at temperatures near 1.60K. The epr line measured near g = 8 began to broaden significantly above 10'K and was broadened by 25% at 20'K. The observed set of g values and the axial and rhombic symmetry components of the crystal field for the low-spin forms of cytochrome P-450 from different sources are given in Table 3 .
Discussion. Epr can be used as an effective technique for studying the absolute concentrations of both high-and low-spin forms of cytochrome P-450 in a piece of whole liver.5 Oxy-and deoxyhemoglobin do not interfere with the epr assay since they give no epr absorption at X-band while methemoglobin, 2 hydroxyhemoglobin,19 and components of the mitochondrial electron-transport chain absorb in different regions from the high-and low-spin forms of cytochrome P_450.24 The epr signature for the low-spin form of this protein appears to be almost independent of the source and is the same for animal liver from different species, even when the animal is treated with different drugs (Table 3) . If it is assumed that the type of epr signal observed in this preparation is due to this cytochrome alone and not from a different combination of heme and mercaptide, such as from denatured hemoglobin19 or from cytochrome P-420,l7 l8 and that the cytochrome P-450 is for the most part oxidized, then the quantitation can be performed from an accurate determination of the epr line shape at any of the three g values. Since the ratio of high-to low-spin forms of the protein from a liver slice and from microsomes prepared from the same liver does not vary, and the g values for the protein in both the liver slice and in the microsomal preparation are constant, we believe that the low-spin heme epr spectrum we observe is indeed entirely due to the cytochrome P-450 present.
Although the low-spin form of the protein is readily observable with epr, both the temperature broadening and power saturation characteristics of the epr signal for the high-spin microsomal protein severely limit the conditions for its study. For cytochrome P-450 prepared from adrenal mitochondria, a weak low field resonance near g = 8 has been observed37 38but the entire epr absorption spectrum of the high-spin form was not observable under the conditions used. An epr signal with g values of 6.6 and 3.0 has been ascribed2O to the high-spin form of rabbit liver microsomal cytochrome P-450. No spin Hamiltonian for high-spin iron can give rise to 6.6 and 3.0 as a self-consistent set of g values. 39 Both the high temperature used in this study and the fact that the epr spectrum observed was grossly different from that of cytochrome P-450 in or prepared from P. putida, liver microsomes, or adrenal mitochondria lead us to question the applicability of those epr measurements to the study of native forms of cytochrome P-450. It is interesting that a preparation of liver microsomes which had been denatured by the addition of p-chloromercuriphenylsulfonate showed"6 that the heme iron-mercaptide complex, which gives rise to the epr for low-spin cytochrome P-450, had been destroyed, and a high-spin epr absorption near g = 6 appeared. 16 The more than tenfold increase of cytochrome P-450 in rabbit after a single injection of methylcholanthrene is rather surprising, as previous optical measurements on rat liver microsomes from animals treated with methylcholanthrene showed only a doubling.A' Since the extinction coefficients of the high-and low-spin forms of cytochrome P-450 have never been determined using whole microsomes, the accuracy of the optical assay for this protein leaves much to be desired. Although optical difference spectroscopy has been used as the major assay technique for cytochrome P-450, it is clear that such a procedure can lead to various pitfalls in the interpretation of data, especially since the high-spin form of the protein and its derivatives may have unusual optical properties and since the preparations used in the studies contain other materials which strongly absorb in the region used for the assay. Epr seems a better technique.
The ratio of high-to low-spin forms of the microsomal cytochrome P-450 remained fairly constant during the course of preparation of microsomes even though no precaution was taken to keep the preparation anaerobic. In previous studies it was suggested that the high-spin form of the protein represents a Type I substrate-bound form of the protein. The Type I substrate either replaces the sulfur atom as a ligand or binds at a site away from the heme and indirectly induces the removal of the sulfur atom from within bonding distance of heme iron.020 4 If substrate is indeed bound and the high-spin form of the protein is poised, ready to react with oxygen, it is clear that the rate of reaction of cytochrome P-450 with bound substrate must be extremely slow. It is also possible that there may exist a low-spin, substrate-bound form where the protein is bound by phenobarbital or another Type II compound and where the epr and optical characteristics of this material are the same as or similar to the native protein. It is clear from model compound studies and from microsomal P-450 studies in which aniline22 is added (Table 3) that the epr of a heme-mercaptide complex does not change by very much by substituting the nonmercaptide ligand, and thus phenobarbital binding at the heme will maintain both epr and optical properties of the native protein.
There has been much contention as to whether cytochrome P-450 is a single protein or whether Type I and Type II drugs induce different forms of protein in microsomes. 12'3 The latter argument has been based on differences in difference spectral peaks of CO derivatives (450 nm versus 448 nm) dependent upon the drug used for induction as well as differences in the optical behavior of ethyl isocyanide-treated microsomes from the two types of preparations as a function of pH. It is clear from the studies24 with bacterial cytochrome P-450 that the same protein can exist in low-and high-spin forms. The same is probably true for the microsomal protein. Any optical studies that do not account for the differences in spin state for the same molecule and do not account for the inherent differences in the optical properties of such a mixture require reinterpretation. From 
